1. Introduction {#sec0005}
===============

Entomophilous crop pollination is a valuable ecosystem service that contributes to human health, wellbeing, and global food security ([@bib0015]; [@bib0215]). 75% of the 115 major global crop species depend to some degree on insect pollination that is provided by both wild and managed pollinators, and many of the most insect-dependent crops provide humans with valuable sources of micronutrients ([@bib0100]; [@bib0215]; [@bib0340]). Bees are one of the most important pollinator groups ([@bib0050]; [@bib0215]), partially due to their large scale management in order to support crop pollination. Globally, honeybees are the dominant managed pollinator ([@bib0050]; [@bib0215]), but managed bumblebees are of increasing importance, being superior pollinators in some crop types and possessing the ability to forage in cooler, windier weather ([@bib0035]; [@bib0140]; [@bib0300], [@bib0295]; [@bib0315]).

Bumblebees were first commercially produced in the mid 1980′s, and colonies were used primarily in greenhouse tomato crops ([@bib0335]). Prior to the introduction of commercial bumblebees, tomatoes had to be mechanically pollinated, so the use of bees drove down labour costs and also improved yield and quality of the fruit ([@bib0330]; [@bib0335]). This success, combined with reports of pollinator declines and subsequent fears of pollen limitation in crops, has led to growth in the trade of commercial bumblebees ([@bib0260]; [@bib0225]). Colonies are now mass produced in several rearing facilities, and in 2006 it was reported that over 1 million colonies were shipped worldwide ([@bib0335]). They are increasingly being used in crops other than tomatoes, some of which are grown in polytunnels and open fields ([@bib0335]). In the UK, for example, around 15,000 colonies per year are used on soft fruit farms ([@bib0145]).

Despite the beneficial pollination services commercial bumblebees can provide, there are negative impacts associated with the trade in commercial bumblebees. Among these are competition with local species ([@bib0185]; [@bib0190]) and disease spread ([@bib0065]; [@bib0135]; [@bib0150]; [@bib0280]). Indeed, strong evidence of pathogen spill-over from commercial to wild bumblebee populations has been observed in both Europe and The Americas ([@bib0065]; [@bib0245]), and in South America is thought to be a leading cause in the severe decline of a native bumblebee species ([@bib0280]).

Given the negative impacts associated with the commercial bumblebee trade, it is important that bumblebees are used responsibly, and only on crops for which there is supporting evidence of beneficial pollination services. Experiments investigating bumblebee pollination are often done in greenhouse crops, where wild pollinators have very limited or no access to the crop, and where wind pollination is minimal ([@bib0095]; [@bib0285]; [@bib0365]). Other studies have been done on a small scale, investigating pollen deposition during one or more flower visits, and it is unclear how the results extrapolate to the much larger scale of a farm ([@bib0195]; [@bib0315]). Some field trials have been done at a larger scale in polytunnel or open field crops, and have shown the addition of commercial bumblebees to increase yield and fruit set in blueberry ([@bib0085]; [@bib0305]), and increase yield in raspberry ([@bib0225]). A study on apple orchards in Israel suggested that not only does the addition of bumblebees directly increase the pollination of the crop, but that it can also alter the foraging behaviour of other pollinators on the crop, which then causes further alterations to pollination services ([@bib0275]). However, in pumpkin ([@bib0255]), cranberry ([@bib0170]) and strawberry ([@bib0320]), the addition of commercial bumblebees has been shown to have no beneficial effect on crop yield or quality. This casts doubt upon the use of commercial bumblebees in these crop systems.

Strawberry (*Fragaria x ananassa* DUCH) is a major soft fruit crop, worth £284 million in the UK in 2015 ([@bib0080]). Several bee species, both managed and wild, have been shown to be effective pollinators of strawberry ([@bib0070]; [@bib0090]; [@bib0210]; [@bib0230]). The proportion of the strawberry pollinator community that is made up of bumblebees varies. In some cases they only make up a small proportion of the community ([@bib0010]; [@bib0210]), but in others, they are the dominant pollinator group ([@bib0355]), including in cases when commercial bumblebees are deployed ([@bib0120]). The use of commercial bumblebees on strawberry farms in the UK is widespread, but the contribution of both commercial bumblebees and wild pollinators to strawberry pollination has not been investigated. Recent evidence from southern Spain suggests that commercial bumblebees do not provide any benefit to strawberry crops ([@bib0320]). Thus, there is an urgent need to test their effectiveness in the UK and in other strawberry growing regions, where different environmental conditions and farming practices may cause results to vary compared to those observed in Spain.

This study examined the contribution to crop pollination and fruit quality made by commercial bumblebees on a strawberry farm in the south east of England. Commercial colonies were placed into June-bearer (varieties 'Malling Centenary' and 'Flair') and everbearer crops, and were or were not allowed to forage on the crop during specific time periods. Fruits that were pollinated during these time periods were picked and quality assessed to examine the impact commercial bees were having on fruit quality. The wild pollinator community was also surveyed to assess its potential for providing pollination services to the crop.

2. Methodology {#sec0010}
==============

2.1. Study species {#sec0015}
------------------

### 2.1.1. *Fragaria x ananassa* DUCH (strawberry) {#sec0020}

Strawberry is a hybrid species that is cultivated around the world for its fruit ([@bib0115]). Strawberry flowers are hermaphroditic and self-fertile, and are thus able to set fruit without animal mediated pollination. However, bee pollination increases the likelihood of each pistil receiving a pollen grain from the stamens, which results in increased fruit yields and quality ([@bib0090]; [@bib0210]). If the flower is not fully pollinated, i.e., not all pistils receive a pollen grain, it can lead to the development of deformed fruit, which have a reduced market value ([@bib0110]; [@bib0210]). It is for this reason that commercial bumblebee colonies are regularly used to provide pollination services to strawberry crops.

In a polytunnel environment in the south of England, the lifespan of a strawberry flower is approximately 3--5 days (Whitehouse pers. comm.). After this time the petals begin to senesce and drop and the receptacle begins to form a fruit.

### 2.1.2. Bombus terrestris audax {#sec0025}

The commercial bumblebees placed into the strawberry crop on the farm were *Bombus terrestris audax*. This *B. terrestris* subspecies is native to the British Isles ([@bib0270]), and is currently the only commercially produced bumblebee species used in the United Kingdom. Commercial colonies are typically placed into a crop when they reach a size of 50--100 individuals, although this can vary depending on the supplier. They are then estimated to be able to provide pollination services for the next 6--8 weeks.

2.2. Field site {#sec0030}
---------------

The fieldwork was carried out at Kelsey Farms, an 80-hectare soft fruit farm in Kent in the South East of England (latitude: 51.288694, longitude: 1.183766). The landscape surrounding the farm was dominated by pasture and arable crops (predominantly cereal crops), with some small villages and patches of mixed deciduous woodland (see supplementary figure S1 and supplementary tables S1 and S2 for land use map and further details of the area surrounding the farm). No managed honey bee hives were used on the farm, but it is possible that some were present in the surrounding landscape during the experiment.

Two experiments were done on the farm, the first ran for 6 weeks from 21st March to 29th April 2016 and was done in two varieties ('Malling Centenary' and 'Flair') of June-bearing strawberries. The second ran for 8 weeks from 9th May to 1st July 2016 and was done in a single variety of everbearing strawberry. Due to proprietor constraints, the name of the everbearing variety cannot be released, thus, from here on it is referred to as 'Proprietary variety 1′. June-bearing strawberries flower earlier in the season and have a shorter flowering period than everbearers, which can flower throughout the summer months. The strawberries were grown in irrigated coir grow bags on a table-top system in polytunnels; the predominant growing system in the UK. During the June-bearer experiment, the ends of the tunnels were open, meaning insects could enter and leave the tunnels. Both the ends and sides of the polytunnels were open for the duration of the everbearer experiment.

In the June-bearer experiment, 9 *B. terrestris audax* colonies were obtained from Biobest. The supplier states that these colonies arrive with approximately 60--80 bees. These colonies were spread across 3 fields (3 colonies in each field) on the farm. The 3 fields were 0.94, 1.41, and 1.26 ha in size, and contained plants at a density of 47,000 plants/ha. The closest colonies in separate fields were separated by approximately 125 m. Fruit were sampled from a sampling area around each colony (see supplementary material figure S2 for layout of sampling areas). Each sampling area consisted of the tunnel with the colony inside, and the two tunnels either side which did not contain colonies (see section '2.3. Strawberry marking and collection' for further details on fruit collection). Ideally, all sampling areas would have been the same size, but this was not possible as the polytunnels in the 3 fields varied in size. In the June-bearer experiment, the size of the sampling areas were between 0.16-0.21 ha, with the majority being between 0.16-0.19 ha. Thus, within each sampling area of 3 polytunnels, the colony densities were between 4.76--6.25 colonies/ha, with the majority being between 5.3--6.25 colonies/ha (see supplementary table S3 for colony densities in each sampling area). This is close to the densities recommended by the supplier and those used on other strawberry farms. In two of the sampling areas (sampling areas 3 and 6 on supplementary figure S2), only 2 tunnels were sampled, the tunnel containing the colony and one adjacent tunnel. This was done because these tunnels were much longer, and so to keep the colony density within the sampling area as close to 6 colonies/ha as possible, one fewer tunnel was sampled.

In the everbearer experiment 12 colonies were placed in 4 fields (3 colonies in each field). The 4 fields were 3.94, 1.64, 2.44, and 1.90 ha, and contained plants at a density of 53,000 plants/ha. In the everbearer experiment the size of the sampling areas were between 0.16-0.20 ha (see supplementary figure S3 for layout of sampling areas). The closest colonies in separate fields were separated by approximately 95 m. 9 of the 12 sampling areas were between 0.160-0.165 ha and had colony density of 6.00--6.25 colonies/ha, however, one field had slightly longer polytunnels meaning that the 3 remaining sampling areas were 0.20 ha with a colony density of 5 colonies/ha (see supplementary table S3 for colony densities in each sampling area). Across June- and everbearers, colonies were placed in the centre of the polytunnels.

The fields were separated by \>5 m high Alder hedge rows, which act as wind breaks to reduce damage to the crop and polytunnels. In order to have strawberries that were and were not pollinated by commercial bumblebees, the colonies were opened and closed on a weekly cycle for the duration of the experiment. When the colonies were open, both the commercial bees and wild pollinators were able to forage on and pollinate the strawberry crop, but when closed the bees had to remain in the nest, and the crop could only be pollinated by wild pollinators. This meant we had two groups of fruit at the end of the field experiment, one group which could have been pollinated by commercial bumblebees and another group which could not. Within fields, all colonies were kept on the same opening and closing cycle, but between fields colonies were on opposing cycles (i.e. in one field all the colonies would be closed, whilst at the same time in another field they would be open). When colonies transitioned from being open to closed, they were closed at nightfall to reduce the chance of trapping any workers outside the colony. Bees had access to sugar solution from a reservoir beneath the nest at all times, as this is standard practice used by commercial growers. During the weeks when colonies were closed, they were supplemented with approximately 20 g of pollen (Biobest UK Ltd) to allow continued growth of the colony.

2.3. Strawberry marking and collection {#sec0035}
--------------------------------------

10 recently opened strawberry flowers were marked in the sampling area around each colony every week. Flowers were marked two days into the treatment periods, so they could not have been visited the previous week as they were still closed. Flowers were judged to have recently opened if their anthers contained large amounts of bright yellow/orange pollen, there was no darkening or discolouration of the pollen or the petals, and the receptacle showed no signs of fruit formation (see supplementary figure S4 for example of a recently opened flower). Marking flowers in this state meant they would be receptive during the time that commercial bumblebees were either able or not able to forage on them, but ensured they would not be receptive the following week when the state of the colony was reversed. 5 of the 10 marked flowers in each sampling area were evenly spaced along the same polytunnel as the commercial colony, and a further 5 were in the two tunnels either side of the tunnel containing the colony (3 marked in one tunnel and 2 in another). In the case of the two longer polytunnels in the June-bearer experiment (sampling areas 3 and 6 on supplementary figure S2) 5 flowers were marked in the same tunnel as the commercial colony, and the other 5 were marked in one adjacent polytunnel. The flowers were marked with a small twist of coloured wire, different colours were used to represent different weeks of the experiment, and different weeks of the experiment were associated with times when colonies were open or closed.

Marked berries were picked just before they fully ripened to reduce the chance of farm employees harvesting them. Upon picking, the growth position (primary, secondary, tertiary, quaternary) of each fruit was noted following [@bib0075]. Noting the growth position is important because fruits from later growth positions are usually smaller in size ([@bib0325]; [@bib0345]).

At the end of the experiment, there were a group of berries from times when colonies were open that could have been pollinated by commercial bees and wild pollinators, and a group of berries that could only have been pollinated by wild pollinators. Totals of 382 (207 and 175 from when colonies were open and closed respectively) and 826 (416 and 410 from when colonies were open and closed respectively) tagged fruit were picked from the June-bearer and everbearer experiment respectively. The growth positions of all berries were known. All fruits were stored at −20 °C for later quality assessment (see section '2.6. Strawberry quality assessment' for details).

2.4. Recording flower visitation rate {#sec0040}
-------------------------------------

Every week 30 min transects were walked along the centre of each polytunnel that contained a colony, but not along the adjacent tunnels in the same sampling area. All transect walks were conducted between 08:00-19:00 and each week the order of sampling was changed to ensure that individual polytunnels were sampled at different times of day every week. Every individual insect that was observed visiting strawberry flowers within 1 m either side of the transect line was recorded and identified into one of the categories defined in [Table 1](#tbl0005){ref-type="table"}. If it was necessary to take a collection of an insect, the transect time was paused whilst the collection was done. Workers of *B. terrestris audax*, *B. lucorum, B. magnus* and *B. cryptarum* were grouped together due to the difficulty of reliably separating them in the field. A flower visit was defined as an individual being present on any part of the flower. The flower visitation rate was reported as visits hour^−1^.Table 1Taxonomic groups that all flower visitors were placed into. When possible, individuals were identified to lower levels within each category.Table 1CategoryDescriptionAndrenidaeHymenoptera the Andrenidae familyApidaeHymenoptera of the Apidae family. All bumblebees were identified to species level apart from workers of *B. terrestris* and *B. lucorum*Coleoptera (other)Coleoptera that were not assigned to a familyDiptera (other)Diptera that were not assigned to a familyFormicidaeHymenoptera of the Formicidae familyLepidopteraIndividuals of the Lepidoptera orderMuscidaeIndividuals of the Muscidae family, but not the Anthomyiidae subfamilyMuscoidea AnthomyiidaeIndividuals of the Anthomyiidae subfamily of MuscidaeNitidulidaeColeoptera of the Nitidulidae familyOedemeridaeColeoptera of the Oedemeridae familyStratiomyidaeDiptera of the Stratiomyidae familySyrphidaeDiptera of the Syrphidae familyUnknownIdentity unknown

Dye dispensing boxes were attached to the entrance/exit of every commercial colony to make commercial *B. terrestris audax* and wild *B. terrestris audax* visually distinguishable. The design was adapted from [@bib0235]. The dye dispensers worked by dispensing a small amount of non-toxic coloured powder dye onto the dorsal surface of the thorax of every bee that exited the colony. The coloured dye served to identify bees from commercial colonies during transect walks. The dye dispensing method was only used for the June-bearing experiment for two reasons. Firstly, it proved to be an unreliable method for distinguishing between commercial and wild *B. terrestris audax*, as we believe that the commercial bees readily groomed the powder dye off their bodies. Secondly, deposits of dye were found on the surface of a fruit, meaning we could not use this method in a commercial farm setting. Hence, we do not report results from this part of the experiment.

2.5. Colony activity, weight and quality measures {#sec0045}
-------------------------------------------------

Colony activity surveys were done during periods when the colonies were open (once every 2 weeks). The entrance/exit of the nest was observed for 15 min and every instance of a bee entering or exiting was recorded.

Colonies were weighed at the start of the experiment and during the time periods when they were closed (once every 2 weeks) when all the bees were present in the colony.

2.6. Strawberry quality assessment {#sec0050}
----------------------------------

Each fruit was assigned a classification ("extra class", "class 1″, "class 2″, or "class 3″) based on deformations and areas of tightly clustered achenes (see supplementary material figure S5 for examples of strawberries from each commercial grade classification), and following EU marketing guidelines ([@bib0110]). Fruits are placed into 'extra class' if they are highly symmetrical and possess no deformations or clusters of achenes and are greater than 25 mm in diameter. Class 3 fruits are highly asymmetrical and deformed, and have tightly clustered achenes. Classes 1 and 2 fall in between these two extremes, and must have a diameter of at least 18 mm. Extra class and class 1 fruits are the highest commercial grades and consequently of the greatest market value, class 2 fruits have a reduced market value, and class 3 fruits are unmarketable. Although extra class and class 1 fruit can be separated as mentioned above, in practice they are often combined ([@bib0210]).

The diameter of each fruit was measured to the nearest hundredth of a millimetre at its widest point with digital calipers (Mitutoyo Digimatic Caliper), and each fruit was weighed to the nearest hundredth of a gram.

Finally, the fruit was placed in a food processor (Tefal Minipro 500 W) and blended for 10--15 seconds with 100 ml distilled water. Fertilised achenes are heavier than water and so sink to the bottom. In contrast, unfertilised achenes float at the surface ([@bib0210]). This separation allows for a very direct measure of pollination success. A further 100--200 ml of distilled water was added to the solution in order to create a greater degree of separation between the unfertilised and fertilised achenes, and any achenes that were stuck to the lid, blades or sides of the food processor were washed back into the mixture. The unfertilised seeds were removed from the surface and counted. The water was then very slowly drained into another container, leaving the sunken fertilised seeds to be counted.

2.7. Statistical analyses {#sec0055}
-------------------------

### 2.7.1. *Bombus terrestris audax* flower visitation {#sec0060}

All statistical analyses were done using 'R' programming software ([@bib0265]). Generalised linear mixed effects models from the package 'lme4′ ([@bib0030]), were used to analyse the number of *B. terrestris audax* flower visits in the June-bearer crop. Poisson error structures were used as the data were counts. In the everbearer crop, negative binomial generalised linear mixed effects models, from the package 'glmmADMB' ([@bib0290]), were used to account for overdispersion. The fixed effects included in the models were 'colony status' (whether the colony was open or closed), the strawberry variety, and temperature. Temperature and humidity were both measured to be included in models as control variables, as both are known to affect insect foraging ([@bib0310]). However, humidity was omitted from our models due to its high degree of collinearity with temperature. The random effects included the identity of the polytunnel crossed with the sampling week, to reflect that each polytunnel was repeatedly sampled each week. Ideally 'field identity' would have been included in the random effects structure, but the number of levels of 'field identity' was too low (3 June-bearer fields and 4 everbearer fields) ([@bib0045]). Consequently, field identity was moved to the fixed effects structure for the everbearer analysis, but this could not be done for the June-bearer analysis, as field identity was strongly correlated with strawberry variety, owing to varieties being grown in separate fields.

### 2.7.2. All pollinator flower visitation {#sec0065}

Negative binomial generalised linear mixed effects models, from the package 'glmmADMB' ([@bib0290]), were used to analyse the number of wild pollinator visitation events and to investigate whether commercial *B. terrestris audax* presence or visitation abundance was influencing wild pollinator visitation. Negative binomial models were used to account for overdispersion. The covariables included in the models were 'number of *B. terrestris audax* flower visits' and temperature. The random effects structure was the same as in the *B. terrestris audax* flower visitation models (see Section [2.7.1](#sec0060){ref-type="sec"}).

### 2.7.3. Strawberry quality {#sec0070}

Linear mixed effects models, from the package 'lme4′ ([@bib0030]), were used to analyse the proportion of fertilised achenes per fruit, fruit weight and fruit diameter. Cumulative link mixed models, from the package 'Ordinal' ([@bib0060]), were used to analyse the strawberry classification variable, these models are suitable for handling ordinal response variables.

The covariables included in the models were 'colony status', the 'growth position' of the fruit (primary, secondary, tertiary or quaternary), and the Nitidulidae beetle and wild pollinator abundances recorded from transects. The growth position of the fruit was included, as this is known to have a large effect on strawberry quality and so should be taken into account ([@bib0325]; [@bib0345]). Nitidulidae abundance was initially part of the wild pollinator abundance variable. However, the beetles were so numerous and recent evidence suggests that they can have a negative effect on fruit quality ([@bib0055]), thus, we treated them as a separate variable to investigate what, if any, effect they were having on strawberry quality in our study system. For the analysis of the June-bearing strawberries, the strawberry variety was also included as a covariable since two varieties were sampled. An interaction term between colony status and variety was also included to investigate whether the two June-bearer varieties responded differently to the presence of commercial bumblebees. Inclusion of such a term was not necessary when analysing the everbearing strawberries, as only one variety was sampled. Field identity was included as a fixed effect in the analysis of the everbearer strawberries for the same reason as stated in Section [2.7.1](#sec0060){ref-type="sec"}.

The random effects structures of all the strawberry quality models were the same. They all included the identity of the colony crossed with the sampling week.

For all response variables, candidate models were compared using an information theoretic approach. Candidate models included all possible combinations of covariables. A 'null model', which only included the intercept as a predictor, was also included in model comparison. The Akaike Information Criterion corrected for small sample sizes (AICc) was used to compare models, those with the lowest AICc were judged to be the best fitting ([@bib0200]). If several models were within two AICc units of the optimal model (model with lowest AICc), then parameter estimates were obtained by model averaging the best set of models (Δ2AICc set) using the 'MuMIn' package ([@bib0025]; [@bib0200]). Models were validated by visual inspection of plots of the residuals plotted against the fitted values. Overdispersion and underdispersion were assessed by examining the ratio of the residual deviance to the residual degrees of freedom. Overdispersion was also tested using the R function 'overdisp_fun()'. Models were not over-dispersed and there was no collinearity between variables used.

### 2.7.4. Colony weight and activity {#sec0075}

The weights and foraging activity levels of colonies from the June- and everbearing experiments were aggregated for each experiment and compared using Wilcoxon-Mann-Whitney tests.

3. Results {#sec0080}
==========

In the June-bearer experiment, 27 h of transect walks were completed during which 574 strawberry flower visits were observed. A total of 382 tagged fruit were recovered for quality assessment, 207 from when colonies were open and 175 from when colonies were closed. For the everbearer experiment, 48 h of transect walks were completed during which 5176 flowers visits were observed. 826 tagged fruits were picked, 416 from when colonies were open and 410 from when colonies were closed.

3.1. *Bombus terrestris audax* flower visitation {#sec0085}
------------------------------------------------

In the June-bearing strawberry crop, colony status was a strong predictor of *B. terrestris audax* visitation rate to strawberry flowers, featuring in both of the Δ2AICc models ([Table 2](#tbl0010){ref-type="table"}). When colonies were open, *B. terrestris audax* visitation rate to strawberry flowers was higher than when colonies were closed ([Fig. 1](#fig0005){ref-type="fig"}; estimate = 1.43; 95% confidence intervals = 0.96--1.90). Strawberry variety was not a strongly supported predictor of *B. terrestris audax* visitation (95% confidence intervals contained 0), suggesting that bumblebees did not strongly prefer one variety over the other. Models including temperature were not well supported, indicating that this variable was not an important predictor of strawberry flower visitation. However, these trends were not evident in the everbearing crop ([Fig. 2](#fig0010){ref-type="fig"}). Here, colony status was not a good predictor of flower visitation (ΔAICc to best model = 2.22), but temperature was (0.065; 0.0088 - 0.12), with more visits occurring at higher temperatures.Table 2Candidate models used to investigate predictors of B. terrestris audax strawberry flower visitation in the June-bearer and everbearer crops. The chosen predictors were colony status, strawberry variety and temperature. The null model included only the intercept as a predictor, but included the same random effects structure as all other candidate models. Models are presented from the optimal model with the lowest AICc to the model with the highest AICc at the bottom. The optimal model and those within \<2ΔAICc are highlighted in bold. When more than 1 model is highlighted, model-averaging was performed to obtain estimates.Table 2ModelAICcΔAICc**June-bearerscolony status236.400.00colony status + variety237.801.40**colony status + temperature238.832.43colony status + temperature + variety240.333.93null279.5443.14temperature279.9643.56variety280.9044.50temperature + variety281.2644.86**Everbearerstemperature358.400.00**colony status + temperature360.622.22null361.082.68field name + temperature362.333.93colony status363.234.83field name364.486.08colony status + field name + temperature364.756.35colony status + field name366.848.44Fig. 1The flower visitation rate (visits hour^−1^) of B. terrestris audax on strawberry flowers in the June-bearing crop. The median (central horizontal line), quartiles (box), non-outlier ranges (vertical lines) and raw data (dots) are presented on the plot.Fig. 1Fig. 2The flower visitation rate (visits hour^−1^) of B. terrestris audax on strawberry flowers in the everbearing crop. The median (central horizontal line), quartiles (box), non-outlier ranges (vertical lines) and raw data (dots) are presented on the plot.Fig. 2

3.2. All pollinator visitation {#sec0090}
------------------------------

In the June-bearers, a total of 574 strawberry flower visits were observed over the course of 27 h of transects walks. Coleoptera of the family Nitidulidae were the most abundant flower visitors (n = 325), followed by Muscoidea Anthomyiidae (n = 103), and Apidae (n = 94). Syrphidae (n = 26) and 'other Diptera' (n = 22) were scarcer. 'Other Muscidae' (n = 2), Dermaptera (n = 1), and Aphididae (n = 1) were the least abundant flower visitors. Within the family Apidae, most of the visits were made by *B. terrestris* (n = 86), with only four made by *Apis mellifera*. The mean (± SE) wild pollinator visitation rate was (no. of wild pollinator visits = all flower visits -- *B. terrestris audax* visits) 18.08 (± 2.66) visits/hour.

In the everbearers, 5176 flower visits were observed over 48 h of transect walks. Again, Nitidulidae were by far the most abundant flower visitors (n = 4378), followed by Diptera (other) (n = 231), Muscoidea Anthomyiidae (n = 222), Apidae (n = 135), Syrphidae (n = 76), Empididae (n = 63), Coleoptera (other) (n = 45), Stratiomyidae (n = 10), Formicidae (n = 6), Lepidoptera (n = 4), Muscidae (n = 3), Andrenidae (n = 1), Oedemeridae (n = 1), and unknown (n = 1). Once again, within the family Apidae, *B. terrestris* was the dominant flower visitor (n = 95), with only eighteen *A. mellifera* visits recorded. The mean (± SE) wild pollinator visitation rate was 105.92 (± 26.02) visits/hour.

*B. terrestris audax* visitation was not a strongly supported predictor of wild pollinator visitation in both the June- and everbearing crops (June-bearer: 0.059; -0.092 -- 0.21, everbearer: ΔAICc to best model = 2.41).

3.3. Strawberry quality {#sec0095}
-----------------------

### 3.3.1. Berry weight and diameter {#sec0100}

In the June-bearer crop, model-averaged parameter estimates indicated that colony status was not a strong predictor of fruit weight or diameter (weight: ΔAICc to best model = 2.08, diameter: -0.11; -0.40 -- 0.18). The growth position of the fruit received strong support as a predictor of both fruit weight and diameter. This variable appeared in all the Δ2AICc set of models for both weight and diameter. As expected, berries from secondary and tertiary growth positions were lighter and smaller than those from primary growth positions (**secondary**: weight: -0.21; -0.25 -- -0.17, diameter: -0.98; -1.19 -- -0.76, **tertiary**: weight: -0.39; -0.46 -- -0.33, diameter: -1.97; -2.29 -- -1.64). The variety of the fruit was also a strong predictor of weight and diameter (weight: -0.13; -0.20 -- -0.062, diameter: -0.59; -0.90 -- -0.28), with berries of the Malling Centenary variety being smaller and lighter than Flair.

In the everbearer crop, colony status was not a good predictor of weight (weight: -0.03; -0.16 -- 0.10), or diameter (diameter: ΔAICc to best model = 2.05). Growth position featured in all the Δ2AICc models indicating that it was a good predictor of both fruit weight and size. Berries from secondary and tertiary growth positions were lighter and smaller (**secondary:** weight: -0.84; -0.98 -- -0.69, diameter: -3.80; -4.71 -- -2.88, **tertiary:** weight: -2.04; -2.33 -- -1.74, diameter: -12.10; -13.95 -- -10.24). Wild pollinator abundance and Nitidulidae beetle abundance had a negative effect on fruit weight and diameter (**wild pollinator:** weight: -0.023; -0.039 -- -0.0078, diameter: -0.13; -0.23 -- -0.031, **Nitidulidae beetle:** weight: -0.0013; -0.0025 -- -0.00011, diameter: -0.0072; -0.014 -- -0.00035).

### 3.3.2. Achene ratio {#sec0105}

Colony status was not a strong predictor of the proportion of fertilised achenes on a fruit in the June-bearer crop (0.068; -0.015 -- 0.15). The variety of the fruit was a good predictor (0.11; 0.0053 -- 0.22). In the everbearer crop, colony status was also not a well-supported predictor of the proportion of fertilised achenes (ΔAICc to best model = 2.05).

### 3.3.3. Strawberry class {#sec0110}

In the June-bearer crop, the interaction between colony status and variety was a well-supported predictor of fruit quality classification, featuring in both of the Δ2AICc models ([Table 3](#tbl0015){ref-type="table"}). This indicated that the treatment had differential effects on fruit quality between the two strawberry varieties. Malling Centenary benefitted from the presence of commercial bumblebees, producing 25% more high commercial grade berries when colonies were open ([Fig. 3](#fig0015){ref-type="fig"}). However, the variety Flair did not receive a benefit from the presence of commercial bumblebees ([Fig. 4](#fig0020){ref-type="fig"}).Table 3Model-averaged models (the optimal model and those models within \<2ΔAICc) used to investigate the best predictors of fruit commercial grade in the June-bearer and everbearer crops. Each row of the table represents a unique model. + symbols indicate the inclusion of that covariate in the model. Models including all the predictor variables were tested. The null model included only the intercept as a predictor, but included the same random effects structure as all other candidate models.Table 3colony statusgrowth positionwild pollinator abundancepollen beetle abundancevarietycolony status:varietyAICcΔAICcJune-bearers++++501.700.00+++502.200.50colony statusgrowth positionwild pollinator abundancepollen beetle abundancefield identityAICcΔAICcEverbearers+815.900.00++817.041.14++817.681.78Fig. 3Proportion of fruits within each commercial grade from each treatment in the June-bearing crop variety 'Malling Centenary'.Fig. 3Fig. 4Proportion of fruits within each commercial grade from each treatment in the June-bearing crop variety 'Flair'.Fig. 4

In the everbearer crop, colony status was not a well-supported predictor of strawberry quality ([Fig. 5](#fig0025){ref-type="fig"}), featuring in none of the model averaged Δ2AICc models ([Table 3](#tbl0015){ref-type="table"}; ΔAICc to best model = 2.02). The only well-supported predictor was the growth position of the fruit, with fruit from secondary growth positions being of lower quality (-1.58; -2.01 -- -1.14).Fig. 5Proportion of fruits within each commercial grade from each treatment in the everbearing crop.Fig. 5

3.4. Colony weight and activity {#sec0115}
-------------------------------

Colony weight and activity did not differ between the colonies used in the June- and everbearer experiments (weight: *p* =  0.81, activity: *p* =  0.53).

4. Discussion {#sec0120}
=============

To our knowledge, this is the first study investigating the effect of commercial bumblebees on strawberry crop quality in a commercial farm setting in the UK. With commercial bumblebees being used on a variety of crop types, studies like this are essential to verify the assumed benefits that bees provide to the crop. The results indicate that the addition of commercial *B. terrestris audax* colonies to a strawberry crop can have differential effects depending upon the crop variety and its growing season. The June-bearing variety Malling Centenary produced 25% more high commercial grade (extra and class 1) strawberries when commercial bumblebees were able to forage on the crop compared to when they were not able to forage. Malling Centenary is a very popular variety amongst UK growers (Harnden pers.comm., 2019), thus, commercial bumblebees are likely to be significantly contributing to the economic value of the UK June-bearer strawberry crop. However, the June-bearing variety 'Flair' and the later flowering everbearing variety received no benefit from the presence of commercial bumblebees, which raises questions about commercial bumblebee use in all strawberry varieties during all growing seasons.

There are likely to be several factors that are influencing the results we observed. One of the main drivers impacting the effectiveness of commercial bumblebees in the June- and everbearing strawberry crops, is likely to be the differing visitation rates of *B. terrestris audax* on strawberry flowers in these crops. In the June-bearer crop, there were considerably more *B. terrestris audax* visits when colonies were open compared to when they were closed, which suggests that these visits were being made by the commercial bees. This is important because previous studies have suggested that commercial bees may predominantly forage on alternative flowers to the target crop ([@bib0125]; [@bib0225]; [@bib0245]; [@bib0350]). Our results suggest that this may not be the case when little other forage is available early in the season. During the time periods when the colonies were closed, very few *B. terrestris audax* visits were observed in the June-bearers. Wild bumblebees are still establishing nests and in the early stages of colony development at this time of year (March - April), indeed 35.3% of the total flower visits made by wild bumblebees in the June-bearer crop were made by newly emerged queens. Consequently, it was not surprising to observe low numbers of wild *B. terrestris audax* in the June-bearer polytunnels.

In the everbearing crop, there was very little difference in the *B. terrestris audax* visitation rate between when colonies were open and closed. Even when colonies were open, the *B. terrestris audax* visitation rate to the crop was much lower (1.88 ± 0.34 visits/hour) than the equivalent periods in the June-bearer crop (5.26 ± 0.85 visits/hour). This suggests that the commercial bumblebees in the everbearer crop were infrequently foraging on strawberry flowers, which could have contributed to the lack of effect that commercial bumblebees had in the everbearer crop. At the time of flowering of the everbearer crop (May - June), there were likely to be abundant foraging resources other than the strawberry flowers ([@bib0020]). Thus, commercial bumblebees may have left the strawberry crop in favour of alternate foraging resources, as has been observed in other studies ([@bib0125]; [@bib0225]; [@bib0245]; [@bib0350]). Furthermore, the wild *B. terrestris audax* population is likely to have been higher during the time of the everbearer experiment, as this time period coincides with when wild colonies are reaching their peak. This is likely to have contributed to the lack of difference seen between visitation rates when colonies were open and closed in the everbearer crop. At the time of flowering of the June-bearer crop (March-April), far fewer alternative foraging resources would have been available in the surrounding environment ([@bib0020]), thus, the commercial bumblebees would have little other choice than to forage on the strawberry crop.

In addition to *B. terrestris* visitation rate, differences between the strawberry varieties themselves are likely to have contributed to the observed results. Strawberry varieties are known to have different dependencies on insect flower visitation to set high quality fruit ([@bib0210]; [@bib0360]). Variety was not a strong predictor of *B. terrestris audax* visitation, indicating that the June-bearer varieties were visited at similar rates. Despite this, Flair did not respond to the presence of commercial bumblebees with any improvements in pollination or quality measures, whilst Malling Centenary responded to the commercial bumblebees with a 25% increase in high commercial grade fruit. It is possible that the June-bearing variety 'Flair' does not benefit greatly from insect visitation, and thus, the commercial bumblebees were providing no additional benefit. Alternatively, it may require a much higher number of visits than it was receiving. These explanations are also applicable to the everbearer variety. During the time when the everbearers were flowering (May-June) wild pollinators were much more abundant on strawberry flowers. We believe that this makes it more likely that the crop was already sufficiently pollinated by the wild pollinator community, so the commercial bees were not providing any additional benefit to the crop.

In addition to pollination dependencies, different strawberry varieties can vary in the sugar concentration of their nectar, and in the floral volatiles they produce, both of which could alter their attractiveness to pollinators ([@bib0005]; [@bib0205]). Thus, it is possible that the everbearing variety used in this experiment was not highly attractive to bumblebees both wild and commercial, causing it to receive a lower *B. terrestris audax* visitation rate than the June-bearer varieties. We believe the two June-bearer varieties to have been similarly attractive, as variety was not a strong predictor of *B. terrestris audax* visitation rate.

The architecture of the polytunnels in which the strawberries were grown may have influenced the results. Following standard practice, during the June-bearer experiment, the polythene on the sides of the tunnels was rolled down and only the ends of the tunnels were open, but in the everbearer polytunnels both the sides and ends were open. This may have made it more difficult for commercial bees to leave, and for wild pollinators to enter and disperse amongst, the June-bearer crop ([@bib0105]), which could have contributed to the increased visitation rate, and in the case of Malling Centenary, effectiveness of commercial bees in the June-bearing crop. This suggests that it may be the interaction between crop management practices and commercial bumblebees, rather than the provision of commercial bumblebees alone, that drive potential pollination benefits.

Another factor that could have affected the results is that commercial bumblebees may have foraged on strawberry fields outside of the one in which the colony was placed i.e. bumblebees could have left a field in which all the colonies were open, and foraged in a field in which the commercial colonies were closed, as some of the fields were within *B. terrestris audax* foraging range of each other. However, we do not believe this happened at a large scale. In the June-bearer experiment we saw significant differences in visitation rate between the open and closed colony treatments, which we would not have observed if commercial bumblebees were foraging in adjacent fields in large numbers. Furthermore, it is not clear if *B. terrestris audax* would travel a greater distance (e.g. into a different field) to collect the same quality resource (strawberry). Finally, *B. terrestris audax* mainly fly at \<3 m above the ground ([@bib0250]) and the windbreaking hedges separating all fields were \>5 m, which may have deterred bumblebees from crossing to adjacent fields.

It is noteworthy that despite the interaction between colony status and variety being a strong predictor of strawberry shape classification in the June-bearers, it was not a strong predictor of the other fruit variables measured (weight, diameter and achene ratio). Previous studies have found such measures to be highly correlated ([@bib0175]; [@bib0210]). Our results do not necessarily disagree with these previous studies, as the improvement in quality in the Malling Centenary crop was accompanied by small increases in strawberry weight, size and fertilised achene ratio. It appears that these changes on their own were not large enough for colony status to have become a significant predictor of these strawberry measures. In addition, other studies have found correlations between these measures to be weak or in some cases non-existent, meaning that our results are not unprecedented ([@bib0165]; [@bib0325]).

Our results bear some similarities with those of [@bib0320]. Here, they found that the use of commercial bumblebees increased the strawberry flower visitation rate in winter in southern Spain. This is comparable to the increased flower visitation rate we observed on deployment of commercial bumblebees in the June-bearer crop during March and April. Both studies also found that despite increased flower visitation, there was no evidence of competition between commercial bumblebees and other pollinators, suggesting that such large-scale crop flower blooms may provide sufficient foraging resources for pollinators. Furthermore, in southern Spain, they found that commercial bumblebees did not improve the weight or quality of fruit, as seen in the Flair and everbearer crop in our study. The results from [@bib0320], in combination with those presented here, raise questions about commercial bumblebee use in strawberry crops. Their use incurs financial cost for farmers and can have negative environmental consequences. Thus, commercial bumblebees should only be used when they are providing a significant benefit to the crop, which appears not to be the case in some European growing systems. Clearly further research is required to understand whether commercial bumblebee supplementation is necessary for various strawberry varieties in different growing seasons.

However, the positive effect of commercial bumblebees on fruit quality in the Malling Centenary crop clearly demonstrates the utility of commercial bumblebees when used appropriately. Malling Centenary is a popular UK variety, thus, a 25% increase in high grade fruit represents a large increase in value of the UK strawberry crop. Given the significant benefits of using commercial bumblebees for this variety, greater emphasis should be placed on reducing the negative impacts associated with the trade in commercial colonies, so that they can be used with minimal risk to environmental health.

In contrast with [@bib0320] and several other studies on different crop types, our results provide no evidence that wild pollinators are improving the crop ([@bib0040]; [@bib0130]; [@bib0155]; [@bib0180]). Wild pollinator flower visitation was not a well-supported predictor of fruit quality in the June-bearer crop. This could be explained by the relatively low numbers of wild pollinators present during this time of the year not being sufficient to impact any fruit pollination measures. In the everbearer crop, there was even a negative effect of wild pollinator flower visitation on fruit weight and diameter, despite there being much greater wild pollinator flower visitation rates than in the June-bearer crop. A factor contributing to this could be that the crop was not pollen limited for the duration of the everbearer experiment, even at times when wild pollinator abundances were at their lowest. If this was the case, then additional visits would not be providing any benefit to the crop, and could potentially even be decreasing the quality of the crop by overpollination ([@bib0335]; [@bib0240]).

Of all the strawberry flower visitors, Coleoptera of the Nitidulidae family were by far the most abundant in the June-bearing and everbearing crops. The majority, if not all of these, were pollen and nectar feeding beetles of the genus *Meligethes.* Given their dominance in the system, we treated them as a separate covariable, to investigate whether their abundance was a predictor of strawberry pollination. Recent evidence suggests that pollen beetles (*Meligethes* spp.) can be a pest on strawberry crops by causing a reduction in fruit weight ([@bib0055]). Our results from the everbearer crop, where pollen beetles were particularly abundant, support this, with the beetle flower visitation having a negative effect on fruit weight and size.

It should be noted that this experiment did not cover the entire flowering period of the everbearer crop, which can continue into the late summer months (September/October). It is possible that commercial bumblebees may become of more use later in the season, as wild pollinator abundance and alternate foraging resources decrease ([@bib0020]; [@bib0160]). Furthermore, other locations may have more depauperate pollinator communities than our study farm, and studies have shown that pollinator communities can drastically change from year to year ([@bib0220]). In such cases, commercial bumblebees may be of use as an insurance policy for crop pollination. Further studies are required to investigate whether the effects observed here vary over space and time, but this study provides a detailed baseline from which to build further studies.

5. Conclusion {#sec0125}
=============

As commercial bumblebees are increasingly marketed for a broad range of crop types, studies like this one are essential to prove the bees are having a beneficial effect, and to inform growers of how to use commercial bumblebees in an environmentally responsible and cost-effective manner. A 25% increase in high commercial grade fruit represents a significant increase in the value of the Malling Centenary strawberries produced. Thus, the results support the widespread use of commercial bumblebees in this strawberry variety. However, commercial bees placed in the June-bearing variety Flair and an everbearing crop appear to be providing no benefit to fruit quality, indicating that it may not be worth using them in some strawberry varieties and during some parts of the growing season. Based on these results, growers should consider both the strawberry variety and the season in which it is grown, before deploying commercial bumblebees on a farm. However, to allow growers to make fully informed decisions, further research is needed on the pollination requirements of strawberry varieties, and the contribution to crop pollination provided by wild pollinators.
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